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Abstract

Laser-induced breakdown spectroscopy (LIBS) is a
method of performln? eiementa! analyses of soiids,
liquids, and gases us n%the microplasma produced by
a focused laser pulse. Because the microplasma is
formed by optical radiation, LIBS has some important
advantages compared to conventional laboratory based
analytical methods. Three applications are discussed
which use the LIBS method.

Introduction

Laser-induced breakdown spectroscopy (LIBS)! 1s
one method of performing elemental analyses of
materials. It I1s simiiar in principle to other
techniques of atomic emission spectroscopy (AES).
There are three basic steps 1n AES analysis; (1)
atomization of the sample, (2) excitation of the
resulting atoms, (3) detection of emissions from the
atoms. Most methods of AES use a hot source that
veporizes and excites the material to be anaiyzed In
one step. The light from the source {s then spectrally
and 1n some caseés (pulsed sources) temporal (
resolved to determine the tdentity and amounts of
different elements present in the material.
Conventional sources for AES, which include the
electrode spark and arc, the inductively-coupled
plasma, and the microwave-induced helium plasma,
require that the sample be transported to the source
for analysts.

in the LIBS method, the source |s the microplasma
or spark formed b( focusing powerful 1aser pulses in
or on the material to be analyzed. The temperature
and electron density of the laser plasma arg veryJ high
Inftially', on the order of 20,000 K and 10'® ¢cm™3,
respectively, so material in the spark volume is
vaporized to Its constituent atoms. Because of g\e
small size of the ‘aser plasma (typically 20 mm®) and
its low energy content (< 300 mJ), only small amounts
of sample ar# required for analxsts. Tyglcally, micro-
or nanogram quantities are sufficient. Depending on
the elements present, the atoms excited by the
plasma may be neutral or lonized. Emitting specles
are 1dentif1ed by spectraliy and temporaliy resolvm?
the snark Iight. Note that because the laser plasma s
formed by focused optical radtation, it can be
generated at a distance from the laser source, In
contrast to conventional AES sou: ces which require
an adjacent physical device to produce the plasma
(e electrode, wavequide,. Only optical access to the
sample 1s needed for L1BS analysis.

The temperature and electron density of the laser
plasma are comparable te or 5!gn|r;cantlr25reater
than those charactertstic of conventional AES
sources This provides better excitation of atoms
(eg Cl, F)having strongly enttting levels difficult to

excite by cooler sources and results In the excitation
of more ionic 1ines. For some elements, 1onic lines
offer better analytical results than neutra! lines. The
high electron density, however, broadens spectral
lines via the Stark effect so that LIBS cannot, in
general, be used for i1sotope analvsis

The _apgaratus for performing a LIBS experiment 15
shown in Fig. 1. A pulsed laser must be used to
?enerate the laser plasma because of the high electric
ields required to nitiate dlelectric breakdown of
materials. Unfqocused laser pulse power densities of
several Mw/cm¢# are typical. A convenient source of
such pulises 1s the Q-switched Nd:.YAG laser having a
pulsewidth of 9-15 ns, a wavelength of 1064 nm, and
a pulse energy of 100 mJ or more. "The repetition rate
of these lasérs ranges up to SO Hz. A short focal
length iens is normally used to form the spark on the
sample which may be contained in a chamber or may
be a gas or aerosol in ambient air. Visually, the laser
spark appears as a bright flash of white light. The
Ilf{ht from the plasmais imaged by a lens onto the
entrance slit of a spectrograph or monochromator to
provide spectral resolution. To monitor a wide
sgectral range simultaneously, an image-intensified
? otodiode array detector can be used to record the
ight dispersed by the spectrograph, a< shown in
F19. 1. The image-intensifier,a m%h-speed
electro-optic shutter, i5 timed to the laser pulse so
specific events after plasina formation can pbe
monitored. Using the photodiode array, the spectrum
from a single laser plasma can be recorded.

Because the laser plasma 1s a pulsed atomization
and excitation source, the spectrum evolves as the
plasma decays. Analysis of many gifferent samples
shows that the evolving spectrum can be divided Into
three distinct periods. Immediately after plasma
formation and out to a few microseconds, the
spectrum 18 dominated by a spectrally broad
background continuum light due to bremsstrahlun
radiation from the plasma. This is the origin of the
white light from the piasma observed visually. During
this perfod, emission Iines due to 1on1zed atoms may
also be observed. As the plzema cools and the
electron density decreases because of recombination
between lons and electrons, the continuum radiation
and 10n eémissSI10ns decrease in intensity At times
between 2-10 ysec, emissions from neutral atoms are
observed and at times beyond about 10 gsec emissions
from simple molecules become apparent. The
molecules are formed from recombining atoms in the
plasma. There are some notable exceptions to this
general scheme. For example, emissions from
once-fonized beryllium and uranium atoms, Be(l1} and
U(11), respectively, are observed out to many tens of
microseconds after plasma formation and emissions
from CN molecuies are present within a few hundred
nanoseconds after the plasma is formed. The



temporal evolution of the spectrum from a spark
formed on steet 15 shown in Fvﬁ. 2 Inthe figure, ty1s
the drl.y time between spark formation and start B
recording of the spectrum and t, 1s the interval over
which the spectrum {s recorded. The numbers at the
right indicate the factors by which each spectrum
was expanded vertically with respect to the top
spectrum.

The LIBS method has been used extensively for
laboratory-based analyses< whereas development of
the method for use in industrial monitoring situations
has not been reported. Thts paper describes three
recent applications of the LIBS method at Los Alamos
National Laboratory. These are (1) determination of
uranium in solution for process monitoring and
control, (2) identification and analysis of metals at a
distance, and (3) development of a prototype
beryllium monitoring instrument.

Qetermination of yranium In selution

The ability to measure rapldly the urantum content
of flowing liquid streams {s important for process
monitoring and control In nuclear-fuel reprocessing
plants. Presently, these measurements can be made
using absorption s(oectroscooy and nuclear-based
counting m¢ .hods amma-rar, x-ray, etc.). Matrix
effects, however, limit the utility of these methods
In some s1tuations. For example, changes in the acid
molarlt% of the solutions can complicate calibration
of the absorption techniques whereas background
counts from other radioactive elements can mask
counts from uranium. LIBS, being an optical emission
technique, offers one possibility to overcome these
gifficulties. In addition, the LIBS method can provide
tn situ analysis because the spark can be formed
directly in the solution through a window on the pipe
carrying the liquid.

Early LIBS analysls of solutions involved forming
the laser plasma irg the bulk l1quid some distance
below the surface.® (n the case of uranium detection,
however, the lowest detection imit was achieved by
focusing the laser pulses at near normal incidence on
the liquid to produce a surface spark.4 This can be
attributed to the higher temperature of the plasma
formed in the ?as above the liquid compared to the
plasma generated In the bulk sample. The spectrum
from a solution of 10 gm/liter urantum in 4 molar
nitric acid ts shown In Fl?. 3. A survey of the
350-480 nm spectral re? on showed the 409 nm U(1i)
line to be the strongest Teature not exhibiting a
spectral interference. Most of the lines shown in
Fig. 3 are from U(I1). The best U(II) signal was
obltained by monitoring the spark light during the
8-200 rsec period after spark formation. The lines
from U(1) were found to be very weak at all times

The analytical capabiiities (dynamic range,
detectton limit, accuracy and precision) were
evaluated usnn? sealed vials containing uranium In
solutlon coverfng the range 0.1 to 300 gm/liter, the
region of most interest Figure 4 shows a calibratton
curve of net uranium slgnal plotted against
concentration Although the curve is not linear, it
exhiblits good sensitivity (slope) over the entire
range The 10ss of sensitivity at the higher
concentrations may be due to self-absorption of the
Util) emission by the outer cooler reqion of the taser
plasma. The detection IimIt for uranlum

determination was O.! ?m/Hter assuming a
signal-to-noise ratio of two

The accuracy and precision were measured by
performing ten replicate measurements of an
“unknown”'solutton, predicting the uranium
concentration from the calibratton curve and
calculating the precision as the relative standard
deviation (RSD) of the ten measurements. Because the
liquid surface splashed vislently on 2ach laser spark,
the shot-to-shot reproducibiity of the uranium signal
was poor By averaging over many shots, however, it
was possible to obtain'precisions on the order of a
few percent. Specmcall?f, DY averaging 1600 spectra,
corresponding to an acquisition time of 2.7 minutes at
apulse rate of 10 Hz, a precision of 1.8% RSD was
obtained. Precisions of less than 1% RSD were
achieved by ratioing the uranium signal to the si¢nal
recorded by monitoring a spectrally narrow reqton of
the continuum light generated on each shot.

Experiments have shown that essentially the same
analytical results noted above for static samples can
be achieved with flowing samples provided a flow
cell s devised that matntains the liquid level
constant during analys:s.

Metal catl lys)

The majority of LIBS measurements reported in
the literature have used lenses with focal lengths of
10 cm or less to produce the plasma. There aie
several applications In which the ability to carry out
qQuaittative anc semi-quantitative LiBS measurements
at ?reater distances is required. Examples are scrap
metal sorting, geological prospecting, and remote
analysis of samples.” The goal of the 'work reported
here was to ectabiish the anaiytical capabiiities of
LIBS using lenses with focal lengths of 0.5-2 meters.S

The experimenta! set-up is similar to that shown
in Fig. | except that the spark light was coliected by
a bare fiber optic bundle 3 mm in dlameter. The
bundie was positioned next to the focusing 12ns and
the spark light was not focused nn the end of the
bundle. Theadvantage of the fiber optic bundle over a
lens to collect the spark light 1s the large light
collection angle offered ty the bundle, which for a
quartz bundle 15 about 35 degrees. This relaxes the
constraint that the spark be Tormed at precisely the
same spot on the sample to collect the maximum
amount of light. With lens focusing, on the other
hand, movements of the spark of only a few
miliimeters can completely move the spark image off
the entrance siit of the spectrograph. The light
transmitted by the bundle was directed into the
s?ectrograph y pesitioning it agatnst the entrance
slit. The spectraily resclved 1ight was detected using
a photodiode array.

The aim of the first experiments was to
demonstrate that the major slemental components of
ametal could be tdentified using only the spectrum
produced by a single laser spark” To do this, a 40 nm
wide spectral reglon was criosen over which eight
elernents (Mo, NI, Cu, T1, Al, Fb, In, and Fe) each have
a' 'east one moderate or strong emission line that
does not interfere with cther iines. A composite
spectrum, constructed by adding together the LIBS
spectra frem a series of metals each containing a
high concentration of one of the eiements, 1s sfown In



F1g. S. The shaded regions indicate the line(s) used to
identify the eiement in the material. The total counts
in each of these regfons-of-interest (ROI) was
computed for each spectrum. The spectrum of Fe is
not shown in Fig. 5 because its high density of 1ines
would complicate the figure.

Using a 0.5 meter focal length lens, a singie spark
was generated on each sample and the spectrum
recorded. There are many methods to compare the
relative line intensities and so decide which elements
are being monitored. The method used here invoived
computing the ratio of the counts in each ROI shown
in F1g. S to the counts iIn the RO! for Fe. Severai
experiments have shown that If clean samples were
used, I1n all cases the magor elemental constituents of
the sample could be identified using only a single

spark.

The rapid identification of metals was

demonstrated by setting up an experiment In which a
" He-Ne laser beam passing through the volume

occupled by the laser spark was detected and used to
triqger the Nd.YAG laser when the beam was
extinguished. In this way, a sample passlnq through
the focal volume was interrogated automatically by a
single laser spark. Because it was not easy to
intFoduce samples 1nto the focal volume at a nigh rate
of speed by dropping them through the focus, differenc
metal sampies were attached to a large disc. Each
sample was positioned next to a small hole In the disc
ali?ned to pass the He-Ne beam. The disc was rotated
so that 19 samples/sec ware introduced into the
spark volume, The spectra recorded under these
conditions are shown (nFig. 6. The maéor elemental
component of each sample 15 listed at the left of each
spectrum. The results show that high quality spectra
can be obtained at a high rate of speed usingonly a
single spark.

Samples having surface contaminants such as
paint or otl can prevent the spark from sampling the
metal underneath. Experiments have shown, however,
that most paints can be ablated off the metal using
only a few sparks and that olls and greases can be
penetrated using only orie or two sparks. The main
problem with contaminants (s the Introduc:tion of
Interfering spectral lines. For example, many paints
contaln high levels of titanium which may mask the
titanium sigr.ature from the metal.

In many cases, it may be desirable to perform
semi-quantitative analyses of samples at the large
distances used In the identification experiments
described above. This capability would be useful to
sort metals in a supply yard according to composition.
Experiments along these lines were carried out using
a 55 cm focal 'enS to form the sparks on the samples,
which were steel standards of known composition. To
obtain acceptable analysis accuracy and precision it
was necessary to yse many sparks and average the
spectra. A summary of the results obtainead using 10
and 100 sparks for each measurement (S presented In
Table 1 for the elements Si, V, Cu, Mn, and Cr.

Table | Semi-Quantitative Analysis Summary

100

For each element, a calibration curve was
constructec spanning the concentration range of about
0.11-0.94% (typical concentrations for many elements
in steel). Then an “unknown” samiple was analyzed by
averaging the spectra from 10 and 100 sparks. Each
analysis was repeated ten times. The elemental
composition of each sample was predicted using the
cahibration curve and the accuracy was computed b¥
comparing the actual and predicted ccmpositions. The
precision was computed as the retative standard
devtation of the ten analyses. The average values of
the accuracy and precision obtained for all the
elements are listed in Table 1. The results indicate
that semi-quantitative analyses are possible using
lenses of long focal length.

Prototype berylliym monjtoring instrument

Alrborne particles 2f beryllium and its alloys
represent an inhalation health hazard to workers
expcsed to these materiais. The current maximum
exposure level to these airborne contaminants 1s
2 ug/m3 over an 8-hour work day, 40 hours/week. The
concentration can reach 25 pg/m3 If the exposure 15
limited to one~-half-hour/day. The method commonly
used to analyze for bery!tium involves coliection of
the beryllium on fliters by passing a known volume of
air through the fiiter. At'the end of the collection
period, the filter is removed and transported to a
laboratory for analysis which invo!ves (1) chemical
dissoluticn of the filter to produce a solution which
is (2) analyzed using atomic absorption spectrometry.
Step (1) is time-consuming and can require several
hours to complete. To increase worker safet?/, amore
rapid method of analyzing the fiiters is required.

At Los Alamos National Laboratory, the LIBS
methcd has been used to rapidly determine berylltum
collected on fliters® The metihod of interroga tn? a
fiiter with a series of laser sparks i< shown in Fig. 7.
The laser pulses are focused on the filter by a
cylindrical lens to form a long spark about 3 mm in
length. The filter is rotated during analysis <o 3
large fraction of the surface 15 sampled. The spark
light is imaged on the spectro%raph entrance slit by a
lens. Emissions from the Be(Il) 1ines at 313.042 and
312107 nm are detectad using a photomuitipiier tube.

The detection 1imit for beryllium deposited
uniformly over a 32 mm diameter filter surface is
about 10 ng. At thig IlmJt, if the ambient bery!lium
concentration is 2 pg/m2, then a measuradle
bery!llum mass can be collected on the fiiter after
OMY 8 sec If air 15 passed through the filter at
40 liters/minute. Therefore, this method provides
near real-time analysis of airborne berylltum levels

Based un the success of this work, a prototype
berylllum monitor was constructad for use in roucine
monitoring of beryllium In a plant environment. A
schamatic diagram of the device is shown inFig. 8 It
consists of four basic units (A) control section, (B)
analysis station; (C) pump/fan hous!ng; and (D) faser
power supply. The monitcr can be moved easily to
different arcas to provide Immediate analysls. For
operation the monitor requires a source of power
(115 VAC, tS A) and an exhaust system capable of
handling beryliium particies Table 2 lists some of
the major components of the instrument.



—Table 2. Compoonents of the berylliym monitor

laser Laser Photonics YOL-102, Nd YAG,

12 ns pulsewidth, 150 mJ/pulse,
1064 nm wavelength, 10 Hz

spectrograph Jarretl-Ash Monospec 18,
156 mm f1, 3600 !I/mm grating,
150 pm siits
photomultiplier  HamamatsuR1414, 13 mm diam,
tubes 5-S response
computer EPSON HX-20

The method of analyzing filters used by the device
15 shown InFi1g. 7. The filter {s loaded into the
instrument through a door at the top of the analysis
station. when the door is closed, the filter is
positioned vertically as shown in the figure. To
obtain a representative measure of the perylilium on
the filter, the fiiter is rotated under the sparks
(formed at arepetition rate of 10 Hz) at 2 rpm and
following each compiete rotation, the filter is
transiatéd downward by 3 mm. In this way, four
concentric annult are formed on the filter surface and
about 90% of the beryllium on the filter is sampied In
two minutes (1200 sparks). The beryllium signal
obtained on each spark is processed by a gated
integrator so only the beryilium signal in"the 2-10
psec interval is mte?rated. The resulting voltage is
digitized and stored in computer memory. Following
each analysis, the berylifum signais are summed by
the computer and a vaiue for the beryllium mass on
the fiiter 1s determined from a calibration curve
(beryllium signal versus berylillum mass) stored {n
memaory

The analytical capabilities of the instrument were
evaluateg using ber}/\lltum particles of respirable size
(05-5 um diam ). The useful dynamic range extends
from 10 to 1000 ng on a filter, the regton of interest
for beryliium analysis. At masses adove 1000 ng the
detection s‘(stem ecomes saturated because of the
strong beryllium signals. The dynamic range can be
extended to Pr'eater masses by adding a second
photomultiplier tube to monitor only the stronger
signals. The accuracy and precision of the
instrument, about 10X, Is limited by several factors:
(1) nonuntform particle distribution on the fiiter, (2)
10ss of some particles from the fiiter during analysts;
(3) incomplete vaporization of large bery!lium
particles. Because of the low detection 1imit
orovided by the Instrument, however, the 10%
accuracy 1s more than sufficient to satisfy beryliium
monitoring requirements.
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